Quantum-mechanically coupled wen systems consisting of two GaAs wells 30 A thick separated by an Alo.s GIlo.s As barrier whose thickness was varied from 12 to 40 A have been grown by metalorganic chemical vapor deposition. The photoluminescence spectra of these systems indicated the splitting of a degenerate single well state into a doublet state, a symmetrical state, and an antisymmetric state. The location of the spectrum peak and shoulders agreed wen with the calculated energies using Dingle's connection rule which assumes 85% conduction band offset and the continuous first derivative of the wave function across the AIGaAs/GaAs heterojunction. Two other connection rules were tried, but the agreement was worse.
I. INTRODUCTION
Optical properties of A] GaAs/GaAs superlattices have been extensively investigated by means ofluminescence l and absorption spectra,2 luminescence excitation spectra,3 and other methods. Quantum wells have also been studied as an extreme case of superlattices, the wave functions of which are confined in one direction. A few periods of supedattices whose barriers are thin enough to couple the wave functions in the adjacent wells have been grown by MBE2 and the splitting of the degenerate single wen states into mUltiple states have been successfully obvserved using the optical absorption at 4.2 K. We observed,4 using photoluminescence spectra, the coupling of the wave functions in closely juxtaposed GaAs quantum wells grown by metalorganic chemical vapor deposition (MOCVD).
Both band parameters and a connection rule of effective-mass wave function across a heterojunction interface are needed when theoretical values are calculated and compared with the observed energies of the localized particle states confined in a quantum well system. For an AIGaAs/ GaAs quantum well system, a connection rule of the effective-mass wave function proposed by Dingle 5 which assumes 85% conduction band discontinuity and continuous wave function at the interface, has been widely used to calculate quantum well energies. Vojak et al.,6 Frijlink et al./ and Kawai et al. 8 employed Dingle's rule combined with the energy dependence of electron effective mass and found that experimental values and calculated values agreed closely even when the wens were narrow and the potential walls were high. At the boundary between the regions with different effective mass, however, requires that the probability current density should be conserved at the heterointerface and the envelope function and its first derivative may no longer be smoothly connected. Therefore, a connection rule represented by a transfer matrix is required. 9 However, there are, as we understand, no references in which AIGaAs/ GaAs quantum well energies are compared with the energies calculated using the connection rule of continuous probability current density and 85% conduction band offset. Miller et al. 10 analyzed their series of energy levels in AlGaAs/ GaAs quantum wells, using a newly proposed GaAs heavy hole mass and a new band offset between AIGaAs and GaAs, where they did not take the nonparabolicity of E-k dispersion relation into account. The amount of band offset and band parameters as well as the connection rule across the interface in an AlGaAs/GaAs system have not yet been established.
In this paper, we report on the dependence of the doublet energies on the interwell spacing in double quantum wells (DQWsj by observing the photoluminescence spectra of the systems at various temperatures. The energies of the double well system are sensitive to the interwell spacing and the energy difference among the states changes systematically with the spacing between the two wells. The double quantum well system, therefore, offers an good example by which we can check connection rules as well as band parameters. We compare the observed doublet energies with the values calculated using several connection rules.
II. EXPERIMENT
AIGaAs/GaAs quantum wens were grown by MOCVD under atmospheric pressure in a vertical reactor.
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The heterojunctions were successively grown at a growth rate of25 nm/min for the GaAs layers. The nominal growth temperature was 780 ·C. The expitaxy operation was regulated by a sequence controller in order to time precisely the growth of each layer. The double quantum well samples consisted of 5 layers: (1) Alos GIlo.s As (5000 A. thick), (2) GaAs (30 A), (3) Alo.~GIlo.~As (four samples with thicknesses of 12, 16,20, and 40 A.), (4) GaAs (30Aj, and (5jAlo.sGllosAs (5000 A) on a Cr-doped GaAs substrate. We have shown 8 that the weU thickness dependence of the photoluminescence peak energy of the single quantum wen (SQW) agreed well with the calculated energy location, indicating that the layer thickness could be precisely controlled and that a sharp AIGaAs/GaAs heterojunction could be achieved with the present growth system.
We have reported the transmission electron micrograph (TEM) lattice image of AlAs/GaAs superlattices ll which showed a clear abrupt heterointerface in the AlAs/GaAs system. An evidence for having achieved growth of ultrathin layers with an atomically abrupt heterointerface is given in Fig. 1 , which is a transmission electron diffraction (TED) pattern of an (AlAsJs-(GaAsb monolayer superlattice, the subscript representing the number of atomic layers in one superlattice period. A thin cross-sectional slice with (110) cleaved surface was prepared in the same manner as that described by Brown et al. 12 The TED pattern exhibited superlattice satellite spots on both sides of the main diffraction spots. Clear satellite spots can be seen to the third order with a spacing of d s = 1/7 of d OO2 ' where d OO2 is the reciprocal of the interatomic spacing of 2.83 A, which indicates that the periodicity of the superlattice is exactly seven atomic layers (20 A). The average Al mole fraction ofthe superlattice was measured using electron probe microanalysis (EPMA). It was 0.79 (5/7), and its value, we believe, is accurate enough though it may suffer from some errors due to the stacked layer structure. The value confirms the successful fabrication of the (AIAsls-(GaAsb superlattice. If islands with heights of one monolayer are formed in this superlattice, the thickness of the GaAs layer fluctuates from zero to four atomic layers. Zero or four atomic layers occur when an island raised upward on one interface and another island depressed downward on an adjacent interface meet at the same position. So large a fluctuation in l.ayer thickness should affect the TED pattern: e.g., deformation of the satellite spots or even disappearance of the satellite spots. The clearly observed satellite spots, therefore, indicate that the irregularities in periodicity or islands scarcely exist in this superl.attice. The absence of islands in MOCVD grown quantum well.s has already been inferred 8 through the observation of the wen thickness dependence of the photoluminescence line width. m. AESUl. TS ANiD DISCUSSION A. Energy levels in a double quantum well system A system of two wells separated by a thin penetrable barrier splits a degenerate single quantum well state into a doublet state with symmetrical and antisymmetrical wave functions. The equations and the band parameters used in the calculation of the optical transition energies in the DQWs are listed in Tab]e 1. We assume that the amplitUdes of the envelope function on two sides of the heterojunction are equal. The parameter r is unity if we assume the first derivative of the wave function on the two sides of the junc- 
Antisymmetrical state: 
tion to be equal and ris m(Elwlmb if we assume instead the continuity of the probability current density on the two sides. The light hole mass of Mo.s Gao.s As is taken as 0.13m o , which is an arithmetic average of the masses of GaAs and AlAs. The other band parameters are conventional. The point of this calculation is that the conduction band edge discontinuity (the band offset) in an abrupt AlGaAs/GaAs heterojunction is taken to be 85% and that an energy dependent electron effective mass. first proposed by Kol.bas,13 is taken into account. We recalculated the electron energy of the DQW taking account of the nonparabolicity in the E-k dispersion relation in the conduction band obtained by Raymond et al. ' 4 The electron energy was found to be always a bit small.er than the energy using the Kolbas representation, and the electron energy difference increased with the increasing electron energy, but the difference of electron energy is, for example, only 2 meV when the electron energy of DQW is as high as 200 meV. Figure 2 shows the calculated energy levels of the DQWs as a function of the barrier thickness. The two wells are 30 A thick and the Al mole fraction in the barrier is 0.5, the same values as in the experiment. The solid curves represent the energies obtained assuming the continuous first derivative across the heterojunction; hereafter we call this connection rule Dingle's rule. The dotted lines denote the calculated energies assuming the continuous probability current density. Si.nce the barrier mass is larger than the wen mass in the AlGaAs system, the penetration of the wave ... Table I . Four kinds of transitions are allowed; symmetrical transitions (1,3) and antisymmetrical transitions (2,4). States 1 and 2 are the transitions to the heavy holes and states 3 and 4 the transitions to the light holes. Solid curves are calculated using the connection rule proposed by Dingle (taking r = I in the equation in the Table) , the dotted curves are calculated using the continuous probability current
function into the barrier is smaller under the rule of continuous probability current than under Dingle's rule. Adopting the rule of continuous probability current, the heavy mass has the same effect as the high potential barrier in suppressing of the penetration of the wave function in the barrier. However, the energy level calculated with the rule of continuous propability current is lower; the heavy mass in the barrier has the opposite effect to the high barrier in shifting the energy level. Splitting of the light hole band is larger and more clearly observable than that of the heavy hole band, because the mass is smaller and the well is shallow. If the thickness of the interwell barrier is zero, the double quantum well becomes a single 6O-A-thick weB and the symmetric and the antisymmetric states become the n = 1 and n = 2 levels of the single well, respectively. If, on the other hand, the thickness of the barrier is infinite, the particle states are those of the 3D-A.-thick single quantum well. Optical transitions take place only between a symmetrical electron and a symmetrical heavy or a symmetrical light hole, or between an antisymmetrical electron and an antisymmetrical heavy or an antisymmetrica11ight hole with the same quantum number, as only these four transitions are allowed by the overlap integral rule and the parity selection rule. There are no doublet hole levels originating from the 1' 1 = 2 single well state because the 1' 1 = 2 state does not originally exist, as the well is too narrow in the present DQW structures. A thick separated by a 12-A-thick Alo.sGao.sAs barrier at both 75 K and room temperature. The SQWs were grown just before and after the DQWs were grown, as a reference of the growth conditions as well as of optical quality. The 30-and 6O-A-thick SQWs are extreme cases of the DQW system where the barrier thickness corresponds to infinity and zero, respectively. The emission wavelengths calculated with Dingle's connection rule are shown as bars in the figures. The width of the bars represents the distribution in emission wavelength that would result if the well thickness were distributed between 29 and 31 A. The arrows denoted by An above the abscissa represent the emission wavelength calculated using the rule of continuous probability current density across the heterojunction having 85% conduction band offset. The subscript corresponds to the optical transitions shown in the inset to the figures. The arrows denoted by B n are the emission wavelengths calculated on the assumption that the conduction-band offset and the GaAs heavy hole mass are replaced by 60% and 0.34m o , respectively, according to the proposal of Miller et al.1O Light hole mass for AIGaAs barrier is linearly interpolated between the mass for GaAs and that for AlAs. In this calculation, we took the energy dependence of the electron effective mass into account because the electron level, more than 150 me V, is too high to neglect the nonparabolicity in the E-k dispersion relation. While only one shoulder on the high energy side caused by the light hole transition is seen in the SQW spectra, two clear and one faint shoulders are seen in the room temperature spectra of the DQW sample. The main peak is the transition associated with a symmetric electron and a symmetric heavy hole, and shoulders are other symmetric, and antisymmetric combinations. There is no luminescence around 782 nm at 75 K in Fig. 3(c) , which corresponds to a well width of 2L z + Lb = 72 A and is expected to appear if there would exist some aHoy clustering. A single peak with a small linewidth of 14 meV, the same as that for the 30-A-thick SQW observed at 75 K, shows that the two wells have the same well thickness and same barrier height. The reason follows. A difference of 1 A in well thickness between the two wells, for example, corresponds to 8 meV of electron energy difference. The two wells with such energy difference do not couple with each other effectively and the original levels are partly conserved. The luminescence spectrum, then, would consist of a superposition of the two emission bands with different energy and with different population, which would lead to a spectrum with a broad line or with shoulders even at a low temperature. The observed sharp spectrum at 75 K assures us of quantitative analysis of the DQW.
Photoluminescence of double quantum welts
The observed emission wavelengths of the peaks and the shoulders for both the single and the double quantum wells agreed weU with the wavelengths calculated using Dingle's connection rule for the heavy and light hole transitions.
The wavelength An' calculated using the continuous probability current rule. deviated from the observed emission wavelength toward the longer wavelength in the same amount from the observed spectra. Wavelength < nm ) FIG. 4 . Photoluminescence spectra of four DQWs at room temperature.
Barrier thickness varies from 12 to 40 A. Lines 1-4 intersecting the spectra stand for the calculated emission wavelengths. The numbers refer to those in Fig. 3(c) . The spreading of the shoulders and lowering of the main peak are seen when the thickness of the interwell barrier decreases, which is a result of the increase of the resonance coupling between the two envelopes in each well.
proposal, only the heavy hole transition (B I ) in the 6O-Athick SQW roughly agreed with the observed peak energy. but the other transitions in both the SQWs and DQW disagreed with the observed emission energies. The calculated energy differences, B2 -B I , between light and heavy holes in the SQWs are larger than the observed energy differences. In the DQW shown in Fig. 3(c) , energy separation among Bn s are so large that any other Bn levels cannot be adjusted.
to the corresponding peak or shoulders of the observed spectrum whereas the An levels can be. Figure 4 shows the photoluminescence spectra for four DQW s at room temperature. The barrier thickness varies from 12 to 40 A, while the welt width in each case is 30 A. The short lines intersecting the spectra denote the calculated emission wavelength of the doublets assuming the condition of Dingle's 2 a x 100 cm-
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Energy from the Main Peak energy wi th the decrease of the barrier thickness for the same reason. The spectra, therefore, broaden as the barrier thickness decreases. The measured spectra appear to follow the theory. The resonantly coupled double quantum well system has been successfully fabricated though there remains some uncertainty in choosing a suitable connection rule.
C. Temperature dependence of luminescence in double quantum wells
The emission intensity of the shoulder depends on the temperature because of the temperature dependence of the carrier distribution in the well. Figures 5(a) and 5(b) are examples of the temperature dependence of the photolumines-cence spectra of the DQWs whose barrier thicknesses are 20 and 40 A., respectively. Because the emission energy shifts with temperature, the main emission peak energy was taken as the origin of the abscissa. The spectra were normalized to the peak intensity as the emission intensity decreased with the increase of the temperature. The shoulder next to the peak in the spectra of the DQW with a 20-A.-thick interweU barrier in Fig. 5(a) broadens, which is in conformity with the theoretical calculation that the shoulder consists of two emitting states with different energy. The spectra of the DQW with 4O-A.-thick barrier, shown in Fig. 5(b) , have a well-defined shoulder at high temperatures. The shoulder consists of transition 3 only, as transition 2 is in close proximity to transition 1. The insert in the figures shows the logarithmic plots of the intensity ratio ofthe shoulder to the main peak against the reciprocal of the temperature. A linear dependence is observed and the slopes (29 meV in the 20-A.-thick barrier DQWand 25 meV in the 4O-A.-thick barrier DQW), which correspond to the energy difference between the two transition states, are the same as the observed energy separation between the main peak and the shoulder, which are also in good agreement with the calculated energy separations.
o. Connection rule in AIGaAs/GaAs heteroJunctlon and OQWspectra Figure 6 shows the plots of the energy, which are obtained by subtracting the energy difference between the lowest energy states, 1, from the energy difference between the excited levels of the doublets, 2, 3, 4, as a function of interwell-barrier thickness. The circles represent the measured energy differences between the shoulders and the main peak in Figs. 4 and 5. The curves denoted by n -1 (n = 2 to 4) are the energy obtained by subtracting the energy difference 1 from the energy difference n calculated using the equations in Table r. The energy location of the shoulders is subject to error because we have not separated each level by numerical analysis. The error is estimated to be ± 5 nm or ± 10 meV.
The curves of the two series, the solid and dotted, followed the observed energy differences well. The two connection rules, Dingle's rule (solid curves) and the rule of continuous probability current density (dotted curves), give essentially the same results in terms of the energy difference between the ground emitting state and the excited emitting states of the doublets. The figure also gives the energy difference between the light and heavy hole levels in the 30-A. and 60-A-thick single quantum wens.
The measured energy difference, 2 -1 (2 being a transition to the antisymmetrical state of the heavy hole band) agrees with the calculated values, whereas the measured energy difference, 4 -1 (4 being a transition to the antisymmetrical state of the light hole band) deviates from the calculated curve toward low energy: the thinner the barrier, the larger the deviation. This deviation may be explained by the fact that the energy dependence of the effective light hole mass 15 was not taken into account in the present calculation. The effective mass of the light hole in the (100) direction rapidy increases when its kinetic energy exceeds about 75 meV. It is understandable, therefore, that the transition energy connected with the antisymmetrical light hole level (e.g., 90 meV above the valence band edge in the DQW with the 20-.A-thick barrier) deviates from the calculated curve, 4 -1.
Miller et al. \0 proposed a new set of band parameters and band offset. Their essential aim was to fit their calculation to the relatively large energy separation in the ladder of hole levels observed in a series of SQWs. Adopting his parameters in our case, the calculated energy separation between n = 1 heavy and light hole levels (R2 -B d in the 60-A.-thick wen roughly coincided with the observed energy difference between the peak and the shoulder and the agreement in the peak position is also good as seen in Fig_ 3(b). The energy separation, B2 -R I , in the 30-A.-thick SQW shown in Fig. 3(a) is, on the other hand, larger than the observed energy separation, and in addition agreement in the main peak position is bad. In the case ofDQWs, the energy differences Bn -Blare also so large that we could not adjust the Bn -BI to the observed energy differences as a function of interweU thickness, as we did in Fig. 6 . This disagreement is the result of the large valence band discontinuity and the small heavy hole mass. The problem encountered is that we have obtained the best fit between experimental results and cal.culations when using Dingle's connection rule. It may be an accidental: coincidence because Dingle's rule does not satisfy the necessary condition of the conservation of probability current across the junction, which is a strong requirement from the quantum mechanical framework. In our quantum wells having high energy eigenstates resulting from the extremely small well wid.th and high potential barrier, the interface connection rule should be more complicated. When transfer matrix elements are deduced, it must be taken into account that the continuity of the envelopes is violated and the band offset between the two sides are no longer negligible. Although several kinds of connection rules are proposed.,9.16-18 a more strict and. adaptable form of connection rule is now needed to describe the wide range of A1GaAs/GaAs quantum wens having from small well thickness with high potential barrier to large well thickness with low barrier.
IV. SUMMARY
We have grown, by MOCVD, resonantly coupled double quantum well systems consisting of two GaAs wells 30 A thick separated by an Alo.s Gllo. s As barrier ranging from 12 to 40 A in thickness, and two extreme cases of 30-and 6O-Athick single quantum wells. The photoluminescence spectra of the system exhibit a sharp single peak with a 14-meV line width at 75 K and develop additional shoulders on the high energy side of the main peak at elevated temperatures. The temperature dependence of the intensity of the shoulders show that the shoulders originate from the excited states of the doublets. Among several connection rules of effectivemass wavefunction across an AIGaAs/GaAs heterojunction, Dingle's connection rule, including the energy dependence of the electron effective mass, gives the best agreement of the transition energy between experim.ent and calculation. The connection rule of the continuous probability current across the junction lowers the quantum well energy and shifts it from the experiment. The amount of the shift is the largest for the electron state, but it is nearly the same for the paired states of the doublet, and the overall spectra are conserved and shifted a fixed energy scale. As a result, the calculated energy separation among the emitting states agrees weB with the observed energy separation, just like that obtained using Dingle's rule. We have succeeded in fabricating and interpreting the energy levels ofthe DQW and SQW, but a more reasonable connection rule for AIGaAs/GaAs systems must be developed to describe a variety of quantum wells.
